The genome of mitochondria is transcribed by a single-subunit RNAP that is distantly related to the RNAP of bacteriophage T7 (refs. 1-4). The structure of human mtRNAP revealed a unique PPR domain, an N-terminal domain (NTD) that resembles the promoter-binding domain of T7 RNAP and a C-terminal catalytic domain (CTD) that is conserved in T7 RNAP 3, 5 . The CTD adopts the canonical right-hand fold of polymerases of the polA family, and its 'thumb,' 'palm' and 'fingers' subdomains flank the active center 3,5 .
a r t i c l e s substrate 9,10 supports a conserved mechanism of substrate binding, selection and catalysis. The location and relative arrangement of amino acid residues in the active center that bind catalytic metal ions and the NTP substrate are conserved in both enzymes. The trajectory of several side chains differs, but this was probably due to the absence of metal ions and NTP in our structure.
In the mtRNAP elongation complex, the 3′-terminal RNA nucleotide occupies the NTP site and is paired with the DNA template base +1 (Fig. 3a) . Thus the complex adopts the pretranslocation state 7, 9 , and this may be why we could not obtain a structure with NTP. Modeling suggested that translocation enables binding of the NTP between residues K853, R987 and K991 on one side and two metal ions coordinated by residues G923, D922 and D1151 on the other side (Fig. 3a) . The NTP 2′-OH group may contact residue Y999 (Fig. 3a) . This contact probably helps to discriminate NTP from dNTP substrates, as revealed by extensive biochemical 11, 12 and structural studies 6 .
Polymerase-nucleic acid interactions
The active center is complementary to the hybrid duplex, which adopts an A form ( Fig. 2d and Supplementary Table 1) , and could not accommodate a B-form duplex that would result from erroneous DNA synthesis. The DNA-RNA hybrid forms many contacts with the polymerase, including contacts to the thumb (Figs. 1a, 2a and 3c) . Movement of the thumb was previously detected during different stages of the nucleotide-addition cycle, thus implicating this domain in elongation-complex stability, processivity and translocation in the polA family of polymerases 13, 14 .
To test the functional role of the thumb domain, we carried out in vitro transcription assays. Deletion of thumb residues 734-773 in human mtRNAP did not result in any significant processivity defects, but we observed a markedly decreased stability of the elongation complex in salt-dependent primer-extension assays ( Supplementary  Fig. 2a,b) . When we halted an elongation complex formed with the a r t i c l e s thumb-deletion (∆thumb) mutant by withholding the substrate NTP, the polymerase was unable to resume elongation and dissociated during run-off transcription assays (Fig. 3d) , thus suggesting a key role of thumb-hybrid interactions in maintaining complex stability during elongation. We resolved both downstream and upstream DNA in our structure; these DNA elements formed B-form duplexes near positively charged surfaces of the polymerase NTD and CTD, respectively (Fig. 2c) . The downstream DNA runs perpendicular to the hybrid (Fig. 1d) , as observed in elongation-complex structures of T7 RNAP 7, 9, [15] [16] [17] and the unrelated multisubunit RNAP II (refs. 18,19) . Thus a 90° bend between downstream and hybrid duplexes is apparently a general feature of transcribing enzymes. The length and conformation of the hybrid are also very similar and apparently are dictated by intrinsic nucleic acid properties ( Fig. 2d and Supplementary  Table 1 ). The axes of upstream DNA and the hybrid enclose a 125° angle (Fig. 1d) .
DNA strand separation
As the polymerase advances, the strands of downstream DNA must be separated before the active site. The structure showed that DNA strand separation involves the fingers domain (Fig. 3b) . The side chain of W1026 stacks onto the +1 base of the nontemplate DNA, directing it away from the template strand (Fig. 3b) . The side chain of Y1004 in the Y helix stacks onto the +2 DNA template base, stabilizing a 90° twist of the +1 template base and allowing its insertion into the active center (Fig. 3b) . This is achieved by a 25° rotation of the Y helix as compared to its position in free mtRNAP 5 . Whereas residue Y1004 has a structural counterpart in T7 RNAP (residue F644; refs. 4, 9, 16, 17) , residue W1026 does not (Supplementary Fig. 3 ), thus suggesting that the mechanisms of strand separation are likely to be conserved between the two polymerases.
RNA separation and exit
At the upstream end of the hybrid, RNA is separated from the DNA template by the intercalating hairpin, which protrudes from the NTD (Figs. 2a and 3c) . The hairpin stacks with its exposed npg a r t i c l e s isoleucine residues I618 and I620 onto RNA and DNA bases, respectively, of the last hybrid base pair at the upstream position −8. Consistent with the role of the intercalating hairpin during elongation, RNA-extension assays on elongation complexes assembled with the intercalating-hairpin deletion revealed that variants of mtRNAP were considerably less stable than were complexes with wild-type mtRNAP (Supplementary Fig. 2c ). This is in contrast to T7 RNAP 13 , for which the intercalating hairpin is not important for RNA displacement and transcription-bubble stability during elongation. RNA exits over a positively charged surface patch but shows poor electron density, thus indicating mobility (Fig. 2d) . To investigate whether the weak electron density reflects the RNA exit path, we carried out protein-RNA cross-linking experiments. When we replaced the first RNA base beyond the hybrid by a Supplementary Fig. 5a ). Figure 4 Analysis of mtRNAP-nucleic acid contacts by cross-linking experiments (original images in Supplementary Fig. 5b,c) . (a) Crosslinking of RNA nucleotide −9 to the specificity loop of mtRNAP. The cross-linked complexes were treated with 2-nitro-5-thiocyano-benzoic acid (NTCB, lanes 2 and 3) or cyanogen bromide (CNBr, lanes 5 and 6). Positions of the cysteine and methionine residues that produced labeled peptides are indicated in purple and green. Gray numbers indicate methionine residues that did not produce labeled peptides and the expected migration of these peptides. MW, molecular weight. The cross-links were treated with NH 2 OH as described above. (d) Location of the cross-linked regions in the mtRNAP elongation complex. The T7 RNAP specificity loop was built into the mtRNAP structure by homology modeling. The structural elements that belong to the identified cross-linked regions and lie within 3-5 Å from the photo-cross-linking probe include the modeled specificity loop (yellow, residues 1080-1108), part of the thumb (orange, residues 752-791) and part of the intercalating hairpin (purple, residues 605-623). Cross-linked regions that are not part of a defined structural element are shown in dark gray (for example, helix G 587-571 and helix I 570-586 ). Sequences for template DNA (TS1, TS2, TS35sU) are shown in blue, for nontemplate DNA (NT3, NT2, YMNT1) in cyan and for RNA (R11sU, R15mt_sU, YMRNA1) in red. photo-cross-linkable analog, it was cross-linked to the specificity loop (Fig. 4a,d and Supplementary Fig. 4 ). Thus the mobile specificity loop lines the RNA-exit channel, as in the T7 RNAP elongation complex 16, 17 . Exiting RNA at position −13 cross-linked to NTD helices I and G, and thus the transcript emerges toward the PPR domain (Fig. 4b,d ) that contains conserved RNA-recognition motifs 20 .
Lack of NTD refolding upon elongation
To initiate transcription, T7 RNAP binds promoter DNA with its NTD 7, 21 . The NTD then refolds during the transition from an initiation complex 4 to an elongation complex 16 through an intermediary state 15 . In contrast, the NTD of mtRNAP does not refold during the initiation-elongation transition (Fig. 5) . The NTD fold observed in our mtRNAP elongation-complex structure differs from that in T7 RNAP elongation complexes but resembles that in the T7 initiation-elongation intermediate and is partially related to that in the T7 initiation complex (Fig. 5a-c and Supplementary Table 2) . Our crystallized mtRNAP complex represents an elongation complex rather than an intermediate of the initiation-elongation transition because it shows full RNA-extension activity and comprises a mature 9-bp DNA-RNA hybrid with a free 5′-RNA extension exiting the polymerase (Fig. 2c and Supplementary Fig. 1 ). The DNA template position −8 in the elongation complex could be cross-linked to a region that encompasses the intercalating hairpin 5, 22 (Fig. 4c,d) , a result consistent with a lack of NTD refolding. In striking contrast, NTD refolding in T7 RNAP moves the intercalating hairpin >40 Å away from the hybrid upon elongation (Fig. 5a-c) .
DISCUSSION
Transcription of the mitochondrial genome is essential for all eukaryotic cells, yet its mechanisms remain poorly understood. The structure of only free mtRNAP had been reported, whereas structures of functional mtRNAP complexes were lacking. Here we present the structure of a functional mtRNAP complex, that of the human mtRNAP elongation complex. The structure showed that nucleic acid binding leads to an opening of the polymerase active-center cleft and an ordering of the thumb domain and most of the intercalating hairpin. The structure revealed the arrangement of downstream and upstream DNA on the polymerase surface, and the DNA-RNA hybrid in the active center, as well as detailed nucleic acid-polymerase contacts.
The structure of the mtRNAP elongation complex also enabled a detailed comparison with the distantly related RNAP from bacteriophage T7. This indicated conserved mechanisms for substrate selection and binding and for catalytic nucleotide incorporation into growing RNA. Downstream DNA strand separation is achieved by the fingers domain and at least partially resembles strand separation by T7 RNAP. Taken together, the polymerase CTD and mechanisms that rely on this domain were largely conserved during evolution of single-subunit RNAPs 23 .
Our results also revealed striking mechanistic differences between T7 RNAP and mtRNAP. In particular, the NTD does not refold during the transition from transcription initiation to elongation. In T7 RNAP 4, 15 , NTD refolding is triggered by a clash of the growing DNA-RNA hybrid with residues 127-133 in the FG loop. In contrast, this loop is two residues shorter in mtRNAP and is positioned such that it allows for hybrid growth without NTD refolding ( Fig. 5 and  Supplementary Fig. 3) .
We suggest that during evolution of mtRNAP from an early bacteriophage-like RNAP, the catalytic CTD and elongation mechanism remained highly conserved, whereas the NTD lost its capacity to adopt an initiation-specific fold, with functions in promoter binding and opening, as initiation factors became available to take over these functions. A loss of NTD refolding and its intrinsic initiation functions in mtRNAP apparently went along with the evolution of initiation factors TFAM and TFB2M 3, 8, 24, 25 , which are responsible for promoter binding [26] [27] [28] and opening 29, 30 , respectively.
As a consequence, mtRNAP escapes the promoter by dissociating initiation factors 31 , whereas T7 RNAP release from the promoter involves NTD refolding, which destroys the promoter-binding site within the NTD and repositions the intercalating hairpin far away from the nucleic acids. In contrast, the intercalating hairpin in mtRNAP separates the RNA transcript from the DNA template at the upstream end of the hybrid during elongation. Thus, the mechanism of transcription initiation by mtRNAP is unique. In the future, the initiation mechanism of mtRNAP should be studied structurally and functionally.
METHODS
Methods and any associated references are available in the online version of the paper. 
ONLINE METHODS
mtRNAP expression and purification. WT mtRNAP (residues 44-1230) and mutant mtRNAP, TFB2M and TFAM were expressed and purified as previously described 30 . The coding sequence of human mtRNAP used in structural studies (∆150 mtRNAP) was amplified by PCR and cloned into the expression vector pProEx(Hb) (Invitrogen), which allowed expression of N-terminally hexahistidine-tagged protein. Mutant mtRNAPs were obtained by site-directed mutagenesis with the QuikChange mutagenesis kit (Agilent). The ∆thumb mutant was made in the ∆104 mtRNAP background 5 . MtRNAP mutants used in photo-cross-linking and mapping experiments were constructed with NG-less WT RNAP (residues 44-1230) described previously 30 and NG-less ∆119 mtRNAP (residues 120-1230) by introduction of a single asparagine-glycine pair at positions 369 (T370G), 493 (Q493N), 556 (L556N) and 634 (A634G and A635G). Activity of NG mtRNAP mutants in primer-extension assays was found to be similar to the activity of the WT mtRNAP. Transcription assays. The catalytic activity of mtRNAP mutants was analyzed with a primer-extension assay as described previously 40 . Run-off transcription assays were performed in reactions with PCR DNA templates (50 nM) containing the light-strand promoter (nucleotides 338-478 in human mtDNA) and mtRNAP (150 nM), TFAM (50 nM), TFB2M (150 nM) and substrate NTPs (0.3 mM) in a transcription buffer containing 40 mM Tris, pH 7.9, 10 mM MgCl 2 and 10 mM DTT. Reactions were carried out at 35 °C and stopped by the addition of an equal volume of 95% formamide/0.05 M EDTA. The products were resolved with 20% PAGE containing 6 M urea and visualized by PhosphorImager (GE Healthcare). Original images of all autoradiographs used in this study can be found in Supplementary Figure 5 .
Protein-nucleic acid photo-cross-linking. RNA or DNA oligonucleotides containing photoreactive 4-thio uridine monophosphate (Dharmacon) were used to assemble the RNA-DNA scaffold. For cross-linking of RNA base at −8, the elongation complex (1 µM) was assembled with R11sU-TS1-NT3 scaffold (Fig. 5) , and the RNA was labeled by incorporation of [α-32 P]UTP (800 Ci/mmol) for 5 min at room temperature. For cross-linking of RNA base at −13, the elongation complex (1 µM) was assembled with R15mt_sU-TS2-NT2 scaffold in which the RNA primer was 32 P labeled. For DNA-mtRNAP cross-linking, the elongation complex (1 µM) was assembled with YMRNA1-TS35sU-YMNT1 in which TS35sU DNA was 32 P labeled. The cross-linking was activated by UV irradiation at 312 nm for 10 min at room temperature as previously described 40 .
Mapping of the cross-linking sites in mtRNAP.
Mapping of the regions in mtRNAP that interact with RNA or DNA with CNBr, NTCB and NH 2 OH was performed as described previously 31 . Products of the cleavage reactions were resolved with a 4-12% Bis-Tris NuPAGE gel (Invitrogen) and visualized by PhosphorImager (GE Healthcare). Bands were identified by calculation of their apparent molecular weights with protein standards (Mark 12, Invitrogen) and matched to the theoretical single-hit cleavage pattern for NTCB or CNBr (Supplementary Fig. 4 ).
